To test a theory of the recently discovered phenomenon of super dielectric behavior at very low frequency, the dielectric constants of several 'pastes', composed of porous alumina powders filled to the point of incipient wetness with water containing dissolved sodium chloride, were measured. The effective dielectric low frequency constants of some of the pastes were greater than 10 10 , dramatically higher than that of any material ever reported. Moreover, the total energy density reported for one capacitor generated with NaCl-based super dielectric material is marginally higher than found in any prior report. These results are consistent with this recently postulated model of low frequency super dielectric behavior in porous, non-conductive materials saturated with ion-containing liquids: upon the application of an electric field, ions dissolved in the saturating liquid contained in the pores will travel to the ends of pore-filling liquid droplets creating giant dipoles. The fields of these giant dipoles oppose the applied field, reducing the net field created per unit of charge on the capacitor plates, effectively increasing charge/voltage ratio, hence capacitance. This is simply a version of the theory of 'polarizable media' found in most classic texts on electromagnetism. Other observations reported here include (1) the impact of ion concentration on dielectric values, (2) a maximum voltage similar to that associated with the electrical breakdown of water, (3) the loss of capacitance upon drying, (4) the recovery of capacitance upon the addition of water to a dry super dielectric material, and (5) the linear relationship between capacitance and inverse thickness. All observations are consistent with the earlier proposed model of the super dielectric phenomenon. An extrapolation of results suggests this technology can lead to energy density greater than the best lithium-ion battery.
INTRODUCTION
Recently, a material with an extraordinary dielectric constant at low frequency (ca. 0.001 Hz), greater than 10 8 , was described. 1, 2 This material, dubbed a 'super dielectric' (SDM), was composed of a high surface area alumina powder saturated with a solution of boric acid (pH 5) to the point of 'incipient wetness'. Capacitors generated with this material were demonstrated to behave as electrostatic capacitors at low frequency below about 0.8 V.
Extrapolating the data to 5-lm layers, a thickness regularly attained with standard 'ceramic' capacitors suggested that this material could be used in capacitors easily capable of storing energy at about 50 J/cm 3 . Moreover, a theory was advanced that suggested that a family of SDM exists, and that some members of this family of materials could achieve far higher energy densities. The theory: Any porous, non-electrically conductive solid saturated with a liquid containing dissolved ions is potentially a SDM, because of the fundamental mechanism of super dielectric behavior. Specifically, in an electric field, ions in the liquid drops move to form dipoles that 'oppose' the applied field. This increases the charge on the electrodes required to produce a given net voltage, hence increasing the q/V ratio, that is, the capacitance. The maximum voltage such materials can sustain is limited by the breakdown voltage of the liquid phase. This postulate, developed by our team, is really just a modest modification of the classic 'ponderable media' model of dielectric behavior, described in standard physics texts. 3 A simple illustration of the practical implications of the model: If the same alumina employed in the first study, were to be saturated with an electrolyte with a higher discharge voltage than water, for example 2.5 V, but containing the same amount of dissolved boric acid, a novel paradigm super capacitor (NPS) type capacitor of 5 lm thickness would be able to store >600 J/cm 3 . Clearly, the model should be tested, as it suggests that the original report represents only one example of a broad class of materials. The arbitrary 'first example' of the earlier study is unlikely to represent an optimum formulation. Hence, testing aspects of the model may lead to the discovery of materials with even higher dielectric constants.
The work described here was deliberately limited to permit a focus on the potential value of the super dielectric-based capacitors for electric energy storage. Thus, the study was limited to measuring capacitance at $0 Hz. There is nothing unique to this limitation. Indeed, standard carbon supercapacitors are only viable at very low frequency, 4, 5 primarily because of the relatively high equivalent circuit output impedance. Hence, the study does not address the issue of using an SDM-based capacitor as a circuit element, although such studies are clearly a component required to fully understand SDM.
The focus on energy storage also determined the method employed to study the (effective) dielectric constant. Energy storage in ceramic capacitors is a field of considerable debate. Recently, it was cogently argued that some capacitance data was improperly extrapolated without regard to saturation, maximum voltage, operating voltage and other factors, 6 to yield dramatically exaggerated maximum energy density for ferroelectric-based capacitors. In order to avoid these difficulties, the method employed allows a direct measure of the total energy output from the capacitor. Specifically, direct measurement of the RC time constant, where R is resistance and C is capacitance, over full charge and discharge cycles was selected. No algorithm is needed, just the time integration of the collected V 2 /R (V is voltage) data. The use of standard 'capacitance' meters or impedance spectroscopy was avoided as these methods do not produce a direct measure of energy storage. In both meters and impedance spectroscopy, the underlying algorithms are based on analysis of RC time constants over very small voltage and time intervals. In both, the charging rate over very short charge times, hence nearly constant voltage, is measured and deconvoluted to yield capacitance. Indeed, the value of the voltage amplitude has to be smaller than the thermal voltage, 7 about 25 mV at 25°C in order to work in a range where the current changes linearly with voltage. The fact that the system has to reach a 'steady state' with minor variations in voltage implies that the information collected is valid for a fully charged capacitor at a specific voltage, and that is almost always 0 V. 8 Clearly, any use of the data collected from impedance spectroscopy, etc. to determine stored energy density requires an extrapolation of data collected at a single voltage, and a relatively high frequency (>10 Hz) to a range of voltages at $0 Hz. This is problematic. Indeed, in those rare instances when the method is employed at a selected set of voltages, even for crystals in the 'barium titanate family', impedance spectroscopy shows capacitance to continuously vary as a function of voltage, in some cases, very dramatically, 6, 9 and, theoretically, this should be the case for all 'high' dielectric constant materials. 9 Moreover, these variations are frequency-dependent, and the impedance spectroscopy is not able to determine maximum operating voltage at near 0 Hz.
The voltage/time data from the RC time constant method also yield capacitance as a function of voltage, albeit at $0 Hz. For the material studied here, there is not a continuous variation of capacitance with voltage. Indeed, there are only two significant capacitance values, one from $1.1 V to $300 mV, and the other from $300 mV to 0 V. These data indicate that the material is truly acting at 0 Hz like a classic dielectric over broad voltage ranges. Finally, it is notable that preliminary investigation with impedance spectroscopy shows the novel dielectrics described in this manuscript maintain super high dielectric values (>10 8 ) to at least 1 kHz and that dielectric loss is also insignificant below 1 kHz. 10 As the study was focused on testing the postulate that any ionic solution added to the same alumina used in the first study could produce super dielectric behavior at $0 Hz, only the source of the ions was changed. All other parameters, particularly the alumina used, the use of water as the electrolyte, the ratio of water/alumina used to form the paste, etc., were (nearly) unchanged. A few samples made of different dielectric layer thicknesses were studied to demonstrate that interface effects were either minimal or non-existent. In sum, the prime focus of the study was the demonstration that a pH neutral salt, sodium chloride (NaCl), dissolved in water can be employed to create SDM. The results were completely consistent with the earlier model; moreover, the (effective) dielectric constants observed for two of the pastes ($10 10 ), were nearly two orders of magnitude higher than reported in the first paper on super dielectrics, and the maximum operating voltage more than 30% greater. This led to the creation of a first-generation SDM-based capacitor, or NPS using an electrolyte of NaCl dissolved in water with an energy density as high as any previously reliably reported for a ceramic capacitor.
EXPERIMENTAL
Dielectric fabrication: The materials employed to create the specific dielectric employed in this study, alumina/NaCl solution SDM (Salt-SDM), were high surface area aluminum oxide powder (Alfa Aesar, c-phase, 99.97%, 3 lm average particle size powder, surface area 80-120 m 2 /g), NaCl powder (SigmaAldrich, 10-mesh anhydrous beads, 99.999%), and distilled deionized water. These constituents were mixed by hand in three ratios. In all cases, this alumina:H 2 O ratio was the same: 1 g alumina: 1.1 mL H 2 O. Three different NaCl ratios were employed: low salt: 0.01 g salt/1 g alumina; medium salt: 0.1 g salt/1 gm alumina; and high salt: 0.3 g salt/1 g alumina. In each case, the mixing process was as follows. First, water was added to a plastic cup, next salt was added and the mixtures were agitated by shaking, not stirring, until all the salt was dissolved in the water. Finally, alumina, in the proper ratio, was added gradually. This created a spreadable paste with little or no 'free' water (incipient wetness). It is interesting to note that salt and water are pH neutral.
As pore structure is a significant component of the proposed model, the surface area and pore structure were determined from BET (liquid nitrogen temperature) isotherms collected at 77 K and analyzed using a Quantachrome NOVA 4200e. Two samples were independently measured and both yielded results within 5% for all parameters; specifically, these were a surface area of 39 ± 1 m 2 /g, a total pore volume of 0.45 cm 3 /g, and an average pore radius of 245 ± 3 Å .
The dielectric paste was spread evenly on a 5-cmdiameter disc of GTA (Premium, 99.8% graphite) grade Grafoil (0.76 mm thick, >99.99% carbon). As described elsewhere 11, 12 Grafoil is a commercially available high purity carbon material (available in sheets or rolls) made by compressing naturally occurring graphite flakes with a surface are of the order of 20 m 2 /g. In the final step, a second sheet of Grafoil was placed on top, then mechanically pressed to create a near constant thickness as determined by measurements made at multiple positions using a hand-held micrometer. This step completed the construction of a super dielectric-based capacitor. The dielectric layer thickness, required to compute the dielectric constant, used in all computations was based on subtracting the Grafoil sheets thickness from the measured gross thickness of the capacitor. The measured thicknesses of the dielectric layers used in the study of salt content effect are as follows: low salt 0.64 ± 0.08 mm, medium salt 0.50 ± 0.06 mm, high salt 0.46 ± 0.02 mm. The effect of thickness on capacitance was studied as described in the ''Results''. It is notable that errors in the thickness measurements, about 10%, are the dominant error source.
Once constructed, the capacitors were placed in an electrically insulating plastic jig with bottom and top cylindrical aluminum electrodes of 5 cm diameter and 5 mm thickness. A 250-g weight was placed on top in all cases. These capacitors were then placed in simple circuits ( Fig. 1 ) for measurements of charge and discharge over nearly the full range of possible voltages. It is important to note that in all cases in this study charging and discharging was through a 7.5-kX resistor for the low and medium salt capacitors, and a 20-kX resistor for the high salt capacitor and those at medium salt and varying thickness. The use of a simple circuit, rather than a commercial meter, to measure capacitance and subsequently dielectric constant, was dictated by the goal of this program: measuring the ability of the capacitor to store electrical energy. In order to evaluate the capacity for electrical energy storage, maximum operating voltage and $0 Hz data are needed. These values are not available from meters.
The primary test platform was a National Instruments ELVIS II electronics prototyping board implemented with LabView 2011 software. An additional multimeter, Agilent U1252A, was regularly used for independent parameter verification. It is further of note that the capacitance of several types of commercial capacitors were measured using the above-described instruments and protocol, and in every case the measured value and the listed value were within 30%.
Discharge data were analyzed to determine capacitance using the classic voltage decay equation for a capacitor discharging through a constant load (R):
Hence, the slope of a curve of the left side of Eq. 1 versus t is 1/RC. As R is known and fixed, C is readily obtained. The value of C and the required dimensional measurements were used (see ''Discussion'') to determine the dielectric constant. 
RESULTS
The charging and discharging behavior of five capacitors created with SDM, that is NPS, were studied. The primary target of this study was to show the effect of ion identity is not critical in creating SDM. Another objective was to study the impact of ion concentration on capacitive behavior. Thus, the NaCl concentration was varied by a factor of 30 over three Salt-SDM capacitors, while holding all other parameters virtually constant. However, small differences in some parameters, particularly the thickness of the dielectric layer (less than a factor of 1.5), was an inevitable consequence of the imprecise nature of the hand construction. Also, the impact of dielectric layer thickness, over a factor of six, in which all other parameters were held constant, confirmed a major observation of the first study: the dielectric constant of SDM is nearly independent of layer thickness. 1, 2 It must also be noted that this study only relates directly to energy storage. If we correlate 'frequency' with time constant, these data are only strictly valid below 10 À3 Hz, as in all cases the RC time constants in this work were more than 1000 s. Ongoing work, it should be noted, demonstrates that even at 1 kHz these materials have dielectric constants >10 8 .
Low Salt NPS Capacitor
Repeated charge/discharge cycles for this capacitor are shown in Fig. 2 . Although the applied charging voltage was 4 V, the Salt-SDM-based capacitors never reached more than about 1.8 V. From Fig. 2 , it is readily apparent that this capacitor, which is exemplary of all studied, discharged in stages; initially very rapidly, down to approximately 1.1 V, then much more slowly. As discussed in detail below, the slow discharge region, that is below $1 V, can also be divided into two different discharge regimes.
To explore the discharge behavior in a quantitative fashion, the discharge voltage/time data from the three cycles shown in Fig. 2 were plotted, below 1.1 V in a semi-log form (Fig. 3) . For a constant capacitance, these plots are linear, and show two linear regions of different slope with an 'elbow' between. In sum, the data can best be modeled as showing three regions of capacitance. The first region is between the highest voltages reached during charging, $1.8 V, and about 1.1 V. In this region, the capacitance is low, and no effort was made to determine the actual value. The second region is for voltages between $1.1 V and $350 mV. In this region, the capacitance is very high and consistent for all three cycles. The third region is voltages below $300 mV. In this region, the capacitance is 'off scale' relative to commercial ceramic capacitors of the same size. Actual capacitance values are given in Table I .
Medium Salt
The discharge behavior of the medium salt and low salt dielectrics were qualitatively similar. Capacitors created with either discharged rapidly above a particular voltage, and both showed an 'elbow' in the discharge curve at a low voltage that corresponded to a change in capacitance (Fig. 4) . However, the quantitative values associated with these features were different. For the medium salt, the high capacitance/slow discharge point in the medium salt was lower, about 0.9 V, rather than 1.1 V. Also, the dielectric constants for the medium salt were consistently higher. During the high voltage leg, the low salt dielectric constant was fairly consistent over three discharge curves, equalling 3.5 ± 0.4 9 10 9 , whereas the medium salt dielectric constant was never less than 2.7 9 10 10 , nearly eight times higher. The dielectric constant of the low voltage leg of the medium salt was at least four times higher than that observed at low salt.
In order to test the 'liquid dipole' aspect of the theory, the medium salt capacitor was allowed to dry, its capacitance measured, and then the paste was 're-wetted' and its capacitance measured again. According to the theory, an NPS capacitor should Fig. 2 . Low salt cycles. Three cycles of charge and discharge are shown. The low salt NPS capacitor never charges above 1.8 V, but can clearly discharge to zero and can be repeatedly recharged. have virtually no capacitance after drying, but capacitance should be restored with the addition of water. All observations were consistent with these expectations of theory, as described in more detail below.
To test the 'dry state', the medium salt capacitor was allowed to sit in the room for 15 days in order to 'dry out'. Indeed, as shown in Fig. 5 , at the end of this period, the 'paste' appeared dry and cracked. In this state, the medium salt NPS capacitor had a measured resistance of $5 MX, and no measurable capacitance. That is, after charging for more than an hour, the capacitor discharged to $1 mV in less than 10 s. The measured near-zero capacitance is consistent with the behavior anticipated by theory: in the absence of water in the pores, there can be no 'giant dipoles', hence no super dielectric behavior.
As noted above, the following is a logical correlation to the giant dipole theory: A dried and 'dead' Salt-SDM-based capacitor can be restored to initial performance by the addition of water. Indeed, as the salt content is not modified by the drying process, the addition of water to the pores should re-dissolve the salt and permit giant dipoles to form. Concomitantly, super dielectric behavior should be restored. Hence, water was added to the dried paste of the medium salt NPS capacitor by evenly spreading water, roughly equal to the amount initially present in the dielectric based on an initial measure of the weight of the paste employed in creating the dielectric, on one side of the Grafoil sheet which was removed to permit the inspection (Fig. 5 ). This sheet, water side down, was then pressed back onto the dielectric, reforming the capacitor. The result of this restoration protocol can be seen in Fig. 4 (line 3): it nearly restores the initial dielectric constant. There is one difference between the initial behavior of the medium salt capacitor, and that of the restored medium salt capacitor: below about 250 mV there is an 'elbow', but the data become very noisy. Hence, no low voltage capacitance value is provided. The origin of this behavior is not clear. Another point should be made here. The loss of dielectric behavior upon drying is not unique to these capacitors. All electrolytic and supercapacitors are sealed to prevent drying and contamination. Hence, in the event super dielectrics are ever employed commercially, they will also need to be sealed.
Another study performed with medium salt capacitors was of the impact of dielectric layer thickness, as shown in Fig. 6 . Clearly, the behavior matches the predicted behavior for dielectrics: a linear relationship between inverse thickness and capacitance. In prior work, studies of the impact of thickness on the dielectric performance of colossal diamagnetic materials showed little impact of dielectric thickness, indicating to the authors that colossal diamagnetism is largely an interface effect. 13 The linear behavior observed in the present case suggests that interface effects are not significant.
The final, and perhaps most significant, result found for the capacitors created with medium salt loading is the actual energy density measured. The thinnest dielectric studied was 0.5 mm thick and had a dielectric constant greater than 3 9 10 10 below 0.9 V. Leading to a net energy density >0.4 J/ cm 3 (more in ''Discussion'').
High Salt
The qualitative discharge characteristics of this NPS capacitor were similar to the other two. First, it can be, and was, repeatedly cycled, as per Fig. 2 . Second, there was a region of low capacitance from about 1.8 V to 1.0 V. Third, the slow discharge region could be divided into two sections: one of high capacitance between about 1 V and 300 mV and the other of extremely high capacitance below 300 mV.
The quantitative behavior was unique. At 'high voltages', roughly from 1 V to 300 mV, this capacitor showed performance similar to that observed for the low salt case.
At best over this voltage range, the dielectric constant was no more than two times that observed for the low salt sample, and clearly far less than that observed for the medium salt sample. In sum, the measured dielectric constant over this voltage region is not a linear function of salt concentration. Below 300 mV, there is a very sharp change in the dielectric value (Fig. 7) . In this voltage range, the measured dielectric is similar to that observed for the medium salt, in fact an average 15% higher. For this low voltage range, there is apparently a positive correlation between dielectric constant and salt loading, one that perhaps reaches a limit asymptotically with the concentration of salt.
DISCUSSION
There are four main points of this research. One, it confirms that super dielectric behavior at $0 Hz is repeatable. Two, various parameters can be manipulated to increase the dielectric constant. Three, the results are consistent with the hypothesis that super dielectric behavior arises from the formation of dipoles in ion-containing liquid drops in pores, and that consequently super dielectrics are a broad family of materials. Four, it is reasonable to extrapolate the results to suggest the potential energy density of NPS capacitors might be enormous, possibly surpassing the current generation of Li-ion batteries.
In the first paper on super dielectrics, an aqueous boric acid solution was used to create the alumina paste. 1 It was postulated that there was nothing essential about boric acid and that any solution Fig. 6 . Capacitance versus thickness. The measured capacitance, first cycle, for three capacitors constructed of medium salt dielectrics is linear over a large thickness variation, a factor of six. That is, the dielectric constant is invariant with thickness, indicating it is a true intrinsic property. ) is similar to that observed for low salt NPS capacitors at 300 mV.
containing dissolved ions would perform as well. In this paper, aqueous solutions of NaCl were used to saturate the same alumina powder, and the resulting dielectric constants were about an order of magnitude higher than those produced with boric acid. These results are not regarded as simply empirical evidence that NaCl will produce a better dielectric constant than boric acid. More broadly, the results suggest that many parameters can be manipulated to optimize the dielectric constant. For example, in the present work, it was established that, up to a certain concentration, 'more salt is better'. In fact, the results suggest that there may be an optimum salt concentration. The 'medium' salt capacitor had a higher energy density than the 'high' salt sample, which suggests that there may be an optimum pore size, an optimum porous refractory, an optimum electrolyte, an optimum salt, etc.
Although virtually all commercial dielectrics are homogeneous materials, in particular barium titanate, [14] [15] [16] [17] [18] the super dielectric-based capacitors are not the only example of an inhomogeneous material with a high dielectric constant. There are two classes of non-homogenous materials that reportedly have very high dielectric constants. The first class are standard dielectrics, particularly barium titianate to which particles of metal have been added. [19] [20] [21] It was empirically demonstrated that such mixed materials can have dielectric constants nearly ten times larger than the host ceramic. 20 Two apparently contradictory models have been proposed to explain the increase of dielectric constant measured upon the addition of metal particles. The earlier model indicated that this effect will only be observed for nano-scale metal inclusions, [21] [22] [23] but was refuted by later experimental work that employed 50-lm Ni particles to achieve a similar outcome. 19 This led to the development of a 'percolation' model. Purportedly, some material properties, in particular the dielectric constant, will diverge as the loading of the minority material (metal particles in this case) approaches the percolation limit of approximately 27% by volume. [24] [25] [26] It is not clear that percolation 27 can explain the results of the present work, as it is not clear what material in the NPS capacitors would be creating a percolation path, nor why that component of the mix was always near the percolation limit.
Another model class to consider are those employed to explain the observed phenomenon of 'colossal dielectric behavior'. 13, [28] [29] [30] [31] [32] The origin of the observed behavior is a matter of considerable discussion. Most investigators concur that the intrinsic dielectric properties of these materials are not 'colossal' and that the colossal values arise from a range of extrinsic properties such as the high dielectric values of interfaces, particularly interfaces between dielectric and electrode and grain boundaries. 31, 32 Other extrinsic sources suggested include the ability of trapped molecules, including water, to diffuse in porous networks in response to changing fields. The process of production, and concomitantly the amount of trapped water, of some of these materials can significantly increase the extrinsic dielectric value. 32 All the data collected here are clearly consistent with an older and simpler model (Fig. 8) . In the figure, a schematic cross-section of an NPS-type capacitor, water drops of a variety of sizes and shapes are shown, each occupying a pore within the alumina framework. An enlargement of one drop shows the positively charged ions migrating toward the electrode with the negative field, and the negative ions migrating in the opposite direction. If the degree of polarization is key, then more ions should allow the formation of more strongly polarized drops. Indeed, a 'perfect' system would be one in which the permittivity of the drops approaches infinity, that is a perfect 'Faraday' response to an applied field. Effectively, the model presented here is only a slight variation on the classic model of dielectric behavior, sometimes referred to as 'ponderable media'. 1, 3 There is no basis in the data collected in the present work to support a complex or novel model, as the classic model of ponderable/polarizable media appears perfectly adequate to describe all observations. The unique behavior, that is the 'super' dielectric values, stems from the unique morphology of SDM. They are multi-material mixtures, not solid single crystal materials designed to create the largest dipoles, hence greatest 'polarization'. Thus, one component, the ionic liquid, aqueous NaCl in this study, contains the 'polarizable element' in the form of mobile ions in a liquid solution. The other component, the highly porous insulating solid, is the physical framework, or skeleton, that holds the polarizable elements in place. Hence, SDM were designed to create the most polarizable, electrically insulating, multi-material.
It is not possible to assess with certainty the quantitative validity of the 'polarizable media model', but a very simple computation suggests that Fig. 8 . Cross-section model of super dielectric in a parallel plate capacitor. In this model, alumina contains pores (circles, ellipses) are filled with an aqueous NaCl solutions. In an applied field, ions in each pore (right side expanded view) migrate to create a dipole that opposes the applied field.
SDMs should have far higher dielectric constants than traditional 'high e r materials'. Thus, if it is simply postulated that the 'polarizability' of a media is proportional to the size of the dipoles (charge 9 separation length) times the density of dipoles, then a comparison of 'dipole moments/ volume' in SDM and in barium titante provides a first-order quantitative estimate of differences in dielectric constant. This is expressed as:
First, we provide a length comparison. The dipoles in the SDM are more than 10 3 greater in length than those in barium titanate. Specifically, given a pore diameter of 500 Å (see ''Experimental''), and a charge separation in barium titanate of 0.1 Å , the SDM dipoles are about 5000 times longer than those in barium titanate.
Second, it is easy to show that the total charge in a volume of barium titanate, and in the pores of a 'water drop' of the same volume in an SDM, are about the same. Given the amount of charge in a high salt SDM, we find a single 250 Å radius drop contains about 7.5 9 10 5 salt ions. The same volume of barium titanate contains about 10 6 barium titanate primitive cells/dipoles. Finally, we assume the void space in imperfectly packed barium titanate matches the volume taken up by alumina.
Given the above computations, we find for the SDM: Dipole constant/drop volume = 500 Å 9 7.5 9 10 5 ions 9 1. Similarly, for the barium titanate: Dipole constant/ equivalent drop volume = 0.1 Å 9 1 ion 9 10 6 . The ratio of these two values suggests that SDM should have a dielectric constant more than 1000 times greater than barium titanate. As the measured difference was another three orders of magnitude larger than the 'first-order' computed value, the calculation also suggests other factors must be considered.
At present, the model must be considered qualitative and 'conservative'. It does not consider the impact of the fact that the ion-containing drops do not have a dipole field but are more like small Faraday cages that form as charges migrate until the net internal field is zero. How would a huge set of Faraday cages, rather than a huge set of dipoles, impact the charge/voltage ratio? This question is beyond the scope of the present article which is far more focused on discovery than theory.
Additional data support this model. First is the finding that, once all the water in the dielectric evaporates, the capacitance drops more than nine orders of magnitude. Moreover, simply re-adding water to the capacitor nearly completely restores the original capacitance. Consistent with the model, it is clear that, once the media for charge transport, water, is removed, no 'dipole mirror' can form, hence there is no increase in capacitance. The net capacitance is probably that of alumina, i.e. very low. Second, the model does suggest that more ions in solution will strengthen the dipoles, making them more effective. It is clear that more salt does increase the dielectric value, but only up to a point. In turn, this suggests that the model presented is not sufficiently complex to explain all observations. Another consistent observation: there is no significant capacitance above $1.1 V. It is postulated in the model that this is caused by a breakdown of the water in the pores. It is well known that when breakdown occurs an electrolyte solution becomes highly conductive and can no longer sustain a voltage, or a dipole. Thus, the question becomes, is the observed maximum voltage consistent with the breakdown of an aqueous solution of NaCl? These three values enable a calculation: (1) the breakdown voltage of distilled water is $65 9 10 6 V/m, 33 (2) a solution of NaCl breaks down at a voltage about 10% lower than distilled water, 34 and (3) the average pore size in the alumina is approximately 250 Å , or 25 9 10 À9 m. These values indicate that the average drop should not be able to sustain a voltage greater than $1.3 V. This is very close to the observed value.
Another observation is that there is a 'break' in the capacitance at approximately 300 mV. That is, below this value the capacitance significantly increases. One possible explanation for this observed behavior is that the alumina pore distribution is bimodal. One set of pores has an average diameter of perhaps 250 Å , and a second set an average diameter of 80 Å . The smaller pores do not become 'effective' in creating capacitance until the voltage drops below the breakdown voltage, which for 80 Å pores is about 300 mV. Or, perhaps all the drops are elliptical, with a long axis of 250 Å and a short axis of 80 Å . Breakdown tends to occur across either the long or short axes depending on orientation relative to the applied field. In any event, the proposed model is reasonably close to observations, particularly given the uncertainty associated with measurements of pore size in powders.
The final point to consider is the potential energy density of an NPS capacitor. In order to compare the energy density of an NPS Capacitor to a battery or supercapacitor these values found in the literature of technology are needed: (1) it is common to make electrostatic capacitors that are 0.5 lm thick using ceramic powder, and (2) the other components of ceramic capacitor stacks (electrodes and insulators) are collectively of the same order of size or smaller than the ceramic layer. Next, from the standard equation for energy in a capacitor:
and the standard equation for parallel plate capacitance:
